A multiphase computational fluid dynamics (CFD) model has been developed to address the major components of ozone disinfection processes: contactor hydraulics, ozone decay and mass transfer. The model was applied to simulate ozone profiles and tracer residence time distributions of ozone contactors at the DesBaillets Water Treatment Plant (WTP) in Montré al, Canada. The modelling results showed that ozone residuals at the cross-section of the outlet of each chamber in the ozone contactors were very sensitive to monitoring point selection.
INTRODUCTION
The USEPA Surface Water Treatment Rule (SWTR) Guidance Manual (USEPA 1991) recommended that the microbial inactivation credit of an ozone contactor can be evaluated by a 'CT' concept, which is defined as the product of ozone concentration ('C') in a chamber and disinfectant contact time or exposure time ('T'). Depending on the configuration of ozone contactors, CT values can be calculated by CT 10 , completely stirred tank reactor (CSTR), or extended CSTR methods (USEPA 2006) . The CT 10 method is most commonly used by water suppliers despite the fact that, in most cases, it underestimates disinfection efficiency (Rakness 2005) . In this method, C is the effluent disinfectant residual of a chamber and T 10 is the detection time corresponding to the time for which 90% of the water has been in contact with at least the residual concentration, C (USEPA 1991).
CT tables relating Giardia and virus log inactivations
with associated ozone CT values were given in the SWTR Guidance Manual (USEPA 1991) . In the recently released Long Term 2 Enhanced Surface Water Treatment Rule (LT2ESWTR), an additional CT table was provided to calculate the log inactivation rate of Cryptosporidium parvum by ozone (USEPA 2006) . Depending on temperature, Cryptosporidium CT values are 15 to 25 times higher than CT values for equivalent Giardia and virus loginactivation credit. Similar CT tables have been adopted doi: 10.2166/aqua.2008.038 by some Canadian provincial regulations such as the Procedure for Disinfection of Drinking Water in Ontario (MOE 2006) . The direct effect of this new CT table is that the ozone dose needed for Cryptosporidium parvum inactivation will be much greater than the dose for Giardia and virus inactivation. Therefore, to reduce operational costs and disinfection by-product formation associated with this increase in ozone dose, water suppliers have to accurately determine CT values.
The ozone residual value, C, can be obtained from on-line ozone residual analysers or measured from grab samples (USEPA 2006) . Accurate ozone residual data will allow the calculation of correct log-inactivation values and allow optimized performance to be maintained. However, based on reported pilot and full-scale studies, the ozone residual profile in a contactor may vary significantly depending on the method of operation, water quality and water flow conditions (Bellamy 1995; Chen 1998) . The potential variation of ozone concentration at sampling locations may greatly affect the ozone concentration monitoring results. One way to determine the optimal sampling locations is through numerical modelling.
However, to date no modelling studies have been reported to determine the variation of ozone residuals in ozone contactors with respect to the optimization of ozone residual monitoring strategies.
The disinfectant contact time, T 10 , is usually determined by conducting step or pulse input tracer studies. Teefy (1996) proposed general guidelines for performing tracer tests at water treatment facilities. However, since what occurs within an ozone contactor is a multiphase process, the flow pattern within the contactor is more complex. Therefore, the accuracy of tracer test results can be more strongly affected by factors including the stability of the water/gas flow, tracer injection location, sampling location and tracer detection method. In addition, tracer testing for an ozone contactor system is costly and timeconsuming. Thus, there is also a need to optimize tracer test strategies to be used for accurate determination of ozone contactor hydraulics.
Previously reported studies have concentrated on modelling the hydrodynamics and disinfection performance using reactor theory models, such as completely stirred tank reactor (CSTR), plug flow reactor (PFR), completely stirred tank reactor (CSTR) cascade, axial dispersion reactor, back-flow cell, and various combinations of these models (Roustan et al. 1992; Zhou et al. 1994; Chen 1998; Kim et al. 2002) . The advantages of these models are their simplicity and hence ease of solution. However, these models are not capable of predicting detailed, three-dimensional ozone contactor performance. In addition, they rely on empirical inputs, such as axial dispersion coefficients (Chen 1998; Kim et al. 2002) . These empirical inputs are case dependent and cannot be extrapolated to other geometries, scales and operating conditions (Cockx et al. 1997) . However, these shortcomings can be overcome by the use of computational fluid dynamics (CFD).
CFD is the science of predicting fluid flow, mass transfer, chemical reactions and related phenomena by solving the mathematic equations governing these processes using numerical algorithms (Versteeg & Malalasekera 2002) . CFD has come into use recently for evaluating ozone disinfection systems (Murrer et al. 1995; Do-Quang et al. 1999; Ta & Hague 2004 ). These models are developed for either homogeneous or heterogeneous flow regimes. They provide a good platform for estimation of non-ideal flow behaviours of the fluid phases. In our earlier publication (Zhang et al. 2005) , we validated a three-dimensional multiphase CFD model based on full-scale ozone contactor studies and applied the model to predict disinfection performance. To the best of our knowledge, the optimization of ozone residual monitoring and tracer test methods has not been reported in the literature.
The primary objective of the work reported in this paper was to apply a computational fluid dynamics (CFD) modelling approach to investigate the ozone concentration variation at outlets of ozone chambers and to optimize the locations of ozone residual monitoring points. The second objective was to study the effects of tracer injection methods and tracer monitoring points on tracer test results with respect to optimizing tracer test strategy.
NUMERICAL METHODS

Modelling of contactor hydrodynamics
In this study, two phases were defined for modelling of ozonation processes: the continuous phase (water) and the dispersed phase (ozonated gas). The Eulerian -Eulerian approach was used for simulating bubbles dispersed in water during ozonation processes. Each phase was treated as an interpenetrating continuum and the volume fraction of a phase represents the fraction of the control volume that is occupied by this phase (Lakehal 2002; Versteeg & Malalasekera 2002; Zhang 2007) . The hydrodynamic CFD model was based on continuity and momentum balance equations for the two phases (gas and liquid). The general CFD model for multiphase problems includes the following conservation Equations (Versteeg & Malalasekera 2002; Michele 2002) :
where, r a is the material density of the a phase (gas or liquid phase); r a is the volume fraction of the a phase; u a,j is the flow velocity of the a phase in the i-direction; subscript j refers to the j direction; M a,i describes the interfacial forces acting on phase a due to the presence of other phases. The total interfacial force acting between two phases may arise from several independent physical effects.
In the present model, only the interphase drag force and turbulence dispersion force were considered, because the effects of other non-drag forces become less significant in large gas -liquid phase columns (Lo 2000; Vesvikar & Al-Dahhan 2005) .
The interphase drag force, M D ab , was modelled with the Grace Drag model (Clift et al. 1978) , which was developed using air-water data (Vesvikar & Al-Dahhan 2005) . The model was chosen for this study since ozone disinfection processes consist mainly of air and water phases. The Grace Drag model is expressed as:
where, d g is the gas bubble diameter, u g and u i are the gas and liquid velocities, and C D is the drag coefficient (Lo 2000) .
The turbulent dispersion force, M TD ab , considers the additional dispersion of phases from high volume fraction regions to low volume fraction regions due to turbulent fluctuations. The model of Lopez de Bertodano (1991) was used in this study for describing the turbulent dispersion force:
where c TD is the dispersion coefficient, for which values of 0.1-0.5 have been used successfully for bubbly flow with bubble diameters in the order of a few millimetres. The dispersion coefficient was taken as 0.1 in this study, which is suitable for the bubble size range utilized (Gobby 2004); k l is the turbulent kinetic energy of the liquid phase which is described below.
The impact of turbulence on ozone contactor hydrodynamics was modelled in both gas and liquid phases. For the liquid phase, the standard ke model was used (Launder & Spalding 1974) , because at this point in time the k-e model is the most commonly used turbulence model for solving engineering CFD problems (Schugerl & Bellgardt 2001; Michele 2002) . The turbulence of the dispersed gas phase was modelled using a dispersed phase zero equation model and bubble induced turbulence was taken into account according to Sato & Sekoguchi (1975) .
Modelling of ozone mass transfer and reactions
Ozone must be dissolved from the gas to the liquid phase before reacting with contaminants (including pathogens) in water. The following species transport equations were solved for ozone mass transfer and reactions: › ›t ðr a r a f a Þ þ 7·ðr a U a r a f a Þ 2 7 r a r a D ðfÞ a þ m ta Sc ta
where r a is the volume fraction of each phase; U a is the flow velocity; r a is the density of phase a; f a is the conserved quantity per unit mass of phase a; D ðfÞ a is the kinematic diffusivity for the scalar in phase a; Sc ta is the turbulent Schmidt number; S ðFÞ a is the volumetric source term, which is determined by the mass transfer rate and/or reaction rate.
The interfacial mass transfer of ozone between the gas and the water can be modelled based on the well-known two film theory (Danckwerts 1970; Singer & Hull 2000) , and the source term for this transferring process can be expressed as:
where the source term S tr represents the rate of interfacial ozone mass transfer between the two phases; C * l is the saturation concentration of ozone in water; C l is the local ozone residual concentration; k l,tr is the liquid phase mass transfer coefficient and was chosen as 5 £ 10 24 m s 21 (Beltran 2004) ; a is the volumetric interfacial area (1 m 21 ); r g is the local gas phase fraction; and d g is bubble diameter.
To simplify the model, bubble break-up and coalescence were ignored in this study. It was assumed that the bubbles were spherical with a constant bubble diameter of 3 mm (Langlais et al. 1991; Zhou et al. 1994; Cockx et al. 1999) .
The saturation concentration of ozone in water C p l can be calculated according to Henry's law (Singer & Hull 2000) :
where C g is the ozone concentration in the gas phase. H is the Henry's law constant which was determined based on an empirical equation developed by Marinas et al. (1993) .
Once dissolved in water, ozone becomes very unstable. Previous studies have shown that the fast reactions in the first stage can be described by a second order kinetic model (Lev & Regli 1992; Chen 1998; Kim et al. 2002) .
Therefore, the source term corresponding to the reactions of this stage was modelled by: m 23 ]; k NOM f is a second-order rate constant (m 3 kg 21 s).
Since the reaction of NOM and ozone is so fast, measurement of k NOM f is often difficult (Kim et al. 2002) .
For modelling purposes, the reaction rate k NOM f used in this study was set at 3.20 (l mg 21 s), based on a study by Hunt & Marinas (1999) . This rate constant value was acceptable for modelling purposes because it resulted in more than 90%
completion of the second-order reaction in seconds, which is consistent with the experimental observations in this study and previous studies by others (Hunt & Marinas 1999; Kim et al. 2002; Tang et al. 2005) .
The second stage ozone decomposition was described by a pseudo first-order kinetic equation as follows (Langlais et al. 1991) :
where S decay is the source term for the decay process, and k d is the water quality-dependent decay rate constant determined by lab-scale experiments.
Modelling of tracer residence time distribution
Ozone contactor hydraulic performance can be assessed from tracer residence time distribution (RTD) curves.
Step or pulse additions of a tracer can be made resulting in so-called F and E RTD curves (Levenspiel 1999) . In this study, numerical simulation of tracer tests was conducted in two steps. First, the steady state fluid flow was established.
Second, the steady state flow field solution was applied as an initial condition. A tracer was introduced at a source point in the inlet to the tank, and the concentration at the outlet was tracked by solving the transient tracer scalar transport equation. Simulations with both step and pulse injections were produced. T 10 values were then obtained from the tracer F curve directly as described by Teefy (1996) .
CASE STUDY
The CFD model was applied to simulate the ozone The three-dimensional CFD modelling was carried out with a finite-volume based program CFX10 (Ansys 2005).
Since the DesBaillets WTP ozone contactor has a symmetric structure, only half of the contactor was modelled to reduce the number of meshes and computational time. Unstructured tetrahedral grids were used for the CFD modelling. A mesh sensitivity study was performed and the total element number was determined to be to 424,891. Further reduction of mesh size did not significantly improve the accuracy of the modelling. The result of the mesh sensitivity study is shown in Appendix 1. As described above, the ke model was used to account for the turbulence in the main flow.
A comparison of the ke model and other commonly used turbulence models is presented in Appendix 2. The results
suggested that the ke model was appropriate for the study undertaken here.
The boundary conditions of the water and gas inlets were provided by specifying uniform velocities calculated from water and gas flow rates. The water inlet flow rates were in the range of 1.37 to 3.22 m 3 s 21 and the volume fraction of water was 1. The gas inlet flow rates varied from 0.15 to 0.21 m 3 s 21 and the volume fraction of air was 1. The turbulence intensity was set to be 5% based on the Reynolds number and the geometry of the inlet. The outlet was set as a zero pressure gradient boundary condition and the reference pressure was set as 0 atmosphere (atm). The free water surface was set as a degassing outlet which assumed that the surface was flat, frictionless and impervious to liquid to simplify the simulation; however, gas was allowed to leave at the rate at which it arrived at the surface.
The reaction rate k IOD was set at 3.20 (l mg 21 s), based on a study by Hunt & Marinas (1999) . 
RESULTS AND DISCUSSION
Model validation
The This conclusion may be applied to ozone contactors with multiple ozone diffusing chambers; in these contactors, ozone concentration could vary significantly at the outlets of these chambers.
Using this CFD modelling approach, it is possible to locate the potential 'optimal' location for ozone residual monitoring under a specific operational condition. The shaded region in Figure 4 shows the area at the outlet of a cell where calculated ozone concentrations were within 20% of the average outlet ozone concentration calculated through CFD modelling. The 20% value was chosen as a reasonable one for illustration purposes.
It would be expected that more representative monitoring results could be obtained when ozone sampling ports or online sensors were installed within or close to the shaded area shown in Figure 4 . However, the ozone residual distributions at the outlet of cell 1 were strongly affected by the operational parameters. Figure 5 shows the variation of the 'optimal' ozone sampling zones at two different water and air flow rates. Since the shape of the optimal zones changed significantly at different conditions, it would be difficult to determine a universal optimal point which could always represent the average ozone residual.
Previous studies have shown that other factors, such as ozone dosage and water quality, might also affect the dissolved ozone concentration distribution (Bellamy 1995) .
It is therefore suggested that multiple ozone monitoring points should be provided at the outlet of cell 1 to obtain a more representative ozone residual, if possible. Figure 6 shows an example of three monitoring points (S1 to S3) evenly distributed across half of the cell 1 outlet. Table 2 presents a comparison of the mass flow averaged ozone concentration, residual at point C1 (shown in Figure 1 ), and the average ozone residual calculated from the three points. It can be seen that the residuals at point C1 were higher than the outlet average residuals at the current modelling conditions. The three point averaged ozone residual was in reasonable agreement with the averaged residual at the outlet of cell 1. Using this multiple points monitoring strategy, a more representative ozone residual for the cell 1 outlet concentrations can be obtained.
Spatial distribution of dissolved ozone concentration within ozone contactors
The DesBaillets WTP initially used point C1 (see Figure 1) as the ozone residual monitoring point to calculate the CT of The CFD results indicated that ozone concentrations at the plane closest to the side wall (plane A) were much smaller than those at the other two locations (planes B and C).
Therefore installing sampling ports close to, or flush with, the walls should be avoided to prevent under-estimation of average ozone concentration. It can also be observed that the dissolved ozone concentrations varied significantly along the length of the contactor which was attributed to the existence of short-circuiting and recirculation zones within the contactor as shown in Figure 8 . Although the results for the averages of the five points in plane B best predict the volume average, these results are specific to the DesBaillets water treatment plant contactor and are limited to the modelled conditions.
Experimental tests would need to be performed to verify these numerical results. 
Effects of tracer injection points on RTD and T 10
The ozone contactor hydraulics, represented by residence time distribution (RTD) or T 10 , are usually determined by conducting chemical tracer testing (Teefy 1996) of 2.20 mg l 21 . For this specific case, the tracer injection method only slightly influenced tracer RTDs. Tracer 1 had the highest T 10 (164 seconds) and Tracer 3 had the lowest T 10 (155 seconds). Only a very small difference (, 6%) was observed for different injection points, which was probably because the DesBaillets WTP contactor has two small cells before cell 1. These two cells allowed the tracer chemicals to be mixed and more uniformly distributed prior to entering cell 1.
The current simulation results suggest that the injection point does not have a significant influence on the DesBaillets ozone contactor residence time distribution. Additional experimental tests would need to be done to confirm these numerical results. Until such analysis is performed, tracer injections should be made at points upstream from the contactor to ensure that the tracer is well mixed with the entire influent water.
Effects of tracer monitoring point selection on RTD and T 10
The effects of tracer monitoring points on tracer RTD tests were also studied. The concentration of chemical tracer was monitored at three points located at the contactor outlet.
Point 1 is 0.5 m away from the side wall, point 3 is on the middle symmetric plane and is 2.75 m away from the side wall, and point 2 is located between points 1 and 3. Figure 10 presents the simulated tracer RTD curves for the three points. The RTD curve obtained from the numerical monitoring of average chemical tracer at the contactor outlet is also shown for comparison purposes. Significant differences in the tracer RTDs were observed at the three different tracer monitoring points. The T 10 calculated from these RTD curves differed by more than 20% (T 10 values of points 1, 2 and 3 and the outlet average were 145, 160, 172 and 185 seconds, respectively). Since the tracer RTD of monitoring point 2 was close to the average RTD curve, it might be more appropriate for the contactors studied.
This result also suggested that more accurate tracer RTD and T 10 information could be obtained if multiple monitoring points were used and the tracer RTD was calculated by averaging the measured tracer concentrations at different monitoring points. It should be noted that, at the moment, the strategies proposed for ozone residual monitoring and tracer testing are specific to the DesBaillets water treatment plant contactor. Further studies should be done in the future to optimize the selection of ozone residual sampling points and to determine the best tracer test method for different types of ozone contactor based on CFD modelling and experimental study. Ultimately, a guideline document could be developed for various basic contactor designs. 
CONCLUSIONS
APPENDIX 1 SENSITIVITY TO MESH DENSITY
As the mesh is refined a more accurate solution can be expected; however, the finer the mesh, the more time is needed for computations. Therefore, the mesh density should be selected such that an acceptably accurate solution is obtained within a reasonable simulation time. At the same time, it is necessary that the solution obtained is mesh-independent (Vesvikar & Al-Dahhan 2005) . In this study, the effect of mesh density on the accuracy of CFD modelling was evaluated by performing a series of tracer residence time distribution simulations at three different mesh density conditions. The number of elements for the three meshes was 320,803, 370,982 and 424,891, respectively. Figure 11 presents the comparison result which suggests that there was only a slight difference in tracer RTD prediction under the three mesh density conditions. T10, T50 and T90 values, the times for 10%, 50% and 90% of tracer to pass through the contactor exit, respectively, were calculated from the tracer simulation results. It was found that the maximum percentage difference in predicted T10, T50
and T90 from the finest and medium meshes were 5.7%, 1.5% and 2.4%, respectively. Further reduction of mesh size did not significantly improve the accuracy of modelling. To ensure the quality of the mesh, a mesh size of 424,891 was selected for the rest of the studies.
APPENDIX 2 SENSITIVITY TO CHOICE OF TURBULENCE MODEL
The effect of the turbulence model on the tracer RTD was also studied. In addition to the standard ke model, three other commonly used turbulence models including the RNG k-1model (Yakhot & Orzag 1986) , the shear stress transport (SST) turbulence model (Menter 1994 ) and the Speziale-Sarkar-Gatski (SSG) model (Speziale et al. 1991) were used for comparison purposes. Figure 12 shows tracer RTD simulation results for the different models. In all four cases the tracer curves varied slightly and the standard k-1 model fit best with the experimental results. This suggested that the ke model was most appropriate for the study undertaken here. In addition, the RNG k-e, SST and SSG models usually require much longer computational times.
Therefore, the ke model was selected for this study. 
